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Introduction

IR singularities of scattering amplitudes in non-abelian

gauge theories

Thomas Becher, MN: 0901.0722 (PRL), 0903.1126 (JHEP), 0904.1021 (PRD)
Andrea Ferroglia, Ben Pecjak, MN, Li Lin Yang: 0907.4791 (PRL), 0908.3676 (JHEP)

Soft gluon resummation for inclusive Higgs production
Valentin Ahrens, Thomas Becher, MN, Li Lin Yang: 0808.3008 (PRD), 0809.4283 (EPJC)

Threshold resummation for top-quark pair production

Andrea Ferroglia, Ben Pecjak, MN, Li Lin Yang: 0912.3375 (PLB) & paper in preparation



A tale of many scales

Collider processes characterized by many

scales: s, s;, M, Aocp, ...

Large Sudakov logarithms arise, which
need to be resummed (e.g. parton showers,
mass effects, aspects of underlying event)

Eftective hield theories provide modern,
elegant approach to this problem based on
scale separation (factorization theorems)
and RG evolution (resummation)



Soft-collinear tactorization
Sen 1983; Kidonakis, Oderda, Sterman 1998

Hard function H depends on

large momentum transfers s;;
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Soft-collinear factorization

Factorize cross section:

do ~ H({sij}, ) H Ji(M;, 1) ® S({A3;}, 1)

Define components 1n
terms of field theory

objects in SCET

Resum large Sudakov
logarithms directly 1n
momentum space using

RG equations




Soft-collinear etfective theory (SCET)

Bauer, Pirjol, Stewart et al. 2001, 2002; Beneke et al. 2002; ...

Two-step matching procedure:

1ntegrate out integrate out

hard fields collinear fields

SM SCET B e
Integrate out hard modes, s;; _ hard

describe collinear and soft ,
M2 collinear

modes by fields in SCET i
3 A2 =X Mq,4 soft
Integrate out collinear modes ==

(if perturbative) and match
onto a theory of Wilson lines



SCET for n-jet processes

n different types of collinear quark and gluon
fields (jet functions J;), interacting only via
soft gluons (soft function S)

— operator definitions for J; and S

Hard contributions (Q ~ Vs) are integrated out
and absorbed into Wilson coefhicients:

I'en
H — g Cn z O ) Bauer, Schwartz 2006

Scale dependence controlled by RGE:

T 1Ca({} 1) = Tl 2}) el {2} 1)

=

anomalous-dimension matrix of n-jet SCET operators




Goal: NLO+NNLL resummation

Necessary ingredients:

Hard functions: from fixed-order results for
on-shell amplitudes (but need amplitudes!)

Jet functions: from 1imaginary parts of two-
point functions; needed at one-loop order
(depend on cuts, jet definitions)

Soft functions: from matrix elements of
Wilson-line operators

then resum logarithms using RG equations

Yields jet cross sections (not parton rates)

Goes beyond parton showers, which are accurate
only at LL order even after matching



Evolution of hard functions

Technically most challenging aspect besides
the computation of the hard tunctions 1s their
evolution, governed by anomalous-dimension
matrix of n-jet operators:

T G} ) = T (Ca({ph ) |
e ]

We have obtained completely general, multi-
loop expressions for the anomalous-dimension
matrices for generic n-jet processes with both
massless and massive partons



Connection with an old problem

+ Same anomalous-dimension matrix governs
IR poles of dimensionally regularized, on-shell
parton scattering amplitudes: Becher, MN: 0901.0722

arbitrary number n of massless and massive external legs



Connection with an old problem

Ditficulty of the problem already
noted in pioneering work by
Weinberg: phys. Rev. 1408, 516 (1965)
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“... In [Yang-Mills theory] a soft photon emitted from an external line
can itself emit a pair of soft charged massless particles, which
themselves emit soft photons, and so on, building up a cascade of soft
massless particles each of which contributes an infra-red divergence.
The elimination of such complicated interlocking infra-red
divergences would certainly be a Herculean task, and might not
even be possible.”



Connection with an old problem

Same anomalous-dimension matrix governs
IR poles of dimensionally regularized, on-shell
parton scattering amplitudes: Becher, MN: 0901.0722

M ({p} ) =lim Z7 (e, {p}, 1) IMn(e, {p})) 1

finite amplitude!

Z(e.{p}.p) = Pexp | [, o

—_— ]

Generalizes two-loop subtraction formula of
Catami (1998) to all orders in perturbation
theOry [see also: Sterman, Tejeda-Yeomans 2003; Aybat, Dixon, Sterman 2006]




Constraints on I for amplitudes

containing only massless partons
Becher, MN: 0903.1126



1. Factorization constraint on I’

Operator matrix elements must evolve 1n the
same way as hard matching coethcients, such
that physical observables are scale independent

SCET decoupling transformation then implies

. M2 M?
(with A}, = —2):

s trivial color structure
(¥

e

[(sij) = To(A3;) + ) TL(M7)17)

R S

M; dependence muSQt cancel!

wihere B ——FE° (o ln ]\/22 - (o)

cusp

I' and I'. must have same color structure



1. Factorization constraint on I’

Independence of collinear regulators M; requires
that soft anomalous-dimension matrix 1s either a
linear function of “cusp angles”

2 2 /
M pe (=sij) |

or an arbitrary function of “conformal ratios”

_ 4 o (=) (k)
Pkt = P P B = B = 0 (o) |

which are independent of collinear scales
[see also: Gardi, Magnea: 0901.1091]



2. Non-abelian exponentiation

SCET decoupling transformation removes soft
interactions among collinear fields and absorbs
them 1nto soft Wilson lines

n; ~ pi light-like reterence vector _ --4--

= 0 = /
S; = Pexp |ig / at r”{J : Aa(mi) Tz'a .”nl\..

For n-jet operator one gets: \

—’

—

S({n}, 1) = (0]51(0)...8,(0)|0) = exp(S({n}, 1))

Exponent S is simpler than soft operator itself



2. Non-abelian exponentiation
Gatheral 1983; Frenkel, Taylor 1984

Virtual amplitudes in eikonal approximation
are exponentials of simpler quantities, which
only receive contributions from diagrams
whose color weights are those of “single
connected webs” (maximally non-abelian)

Y X

Only these structures can contribute to the S
and hence to the soft anomalous dimension

Up to three loops:




3. Consistency with collinear limits

When two partons become collinear, an n-parton
amplitude M, reduces to an (n-1)-parton amplitude

times a Sphttlng amplitude: Berends, Giele 1989; Mangano, Parke 1991
Kosower 1999; Catani, de Florian, Rodrigo 2003

Mu({p1, P2, p3, - -, pa})) = SP({p1, p2}) IMn i ({Py 035 - 0 })) + - - 1

12 1

., —> )71+2 :
2 "

FSp({plapQ}a ﬂ) — F({p17 e 7pn}7 U) _ F({P7 p3-. .. 7pn}’ 'LL)‘TP—>T1—|—T2 R

I's, must be independent of momenta and colors of
partens:9;==, n



Implications for I

At one- and two-loop order, this only allows for

two-parton, color-dipole correlations:
Becher, MIN 2009; Gardi, Magnea 2009; Bern et al. 2008

anom. dimensions,
color charges ‘
known to three-loop order |

S AN
I‘({Z_?}Mu) — Z 1-;21} /YCUSP(OéS) In a B | Z /yi(as)

(i.4) Z
Sum Over pairs / 5 !
1#] of partons (pi T pj) }

minimal structure, reminiscent of QED

explains cancellations observed |

in explicit multi-loop calculations
Aybat, Dixon, Sterman 2006; Dixon 2009




Implications for I

At three-loop order, a single additional 4-parton
structure 1s allowed, involving an unknown
function F that must vanish 1in all collinear imits:

/

AT ({p}, 1) Z fade fhee (T7 Tb T, Td) F(Bijk, Bikij — Bajk) i
(4,4,k,0)
:M

It has been conjectured that F(x,y)=0
Bern et al. 2008 ; Becher, MN 2009; Gardi, Magnea 2009

However, simple functions like F(x,y)=x7 (Xz-yz)

would be consistent with all known constraints
Dixon, Gardi, Magnea: 0910.3653



Cusp logarithm at four loops

Interesting new webs involving higher Casimir
invariants first arise at four loops:

d%de 1’;& Tyb ch CI}d == d%bcd (1‘;& 1’}1) ch CZ'vld) e
doo2-on = tr[ (T8 TS ... To), |

We have shown that they do not contribute to
the coefthcient of the cusp logarithm



Cusp logarithm at four loops

Applied to the two-jet case (form factors), our
constraints thus imply Casimir scaling of the
cusp anomalous dimension to four-loop order:

Dusp(@s) — Tusplass) '»

cusp cusp _
Ch C Yeusp (s ) §
e — ‘—-————--4

CheCked eXpliCitly at three lOOPS Moch, Vermaseren, Vogt 2004

At odds with expectations from AdS/CFT

correspondence (strong-coupling limit)
Armom 2006

Presumably not a real contlict ... Alday, Maldacena 2007







Heavy particles

Have extended our analysis to amplitudes
which contain massive partons  Becher, MN: 0904.1021

Eftective theory 1s a combination of HQET
(heavy partons) and SCET (massless partons)

Constraints from soft-collinear factorization
and collinear limits no 10nger apply

For the purely massive case, all structures
allowed by non-abelian exponentiation at a
given order will be present!



Anomalous dimension to two loops

General result:

extracetd from:

Korchemsky, Radyushkin 1987

Cigh {mh) = 3 L O

massless partons /,( 2 =
TI TJ mry i
< Z 9 chsp(ﬁIJa 053 = Z I CVs 55 Z TI ] /ycusp(as) In =
@ 1,j S
massive partons == + Z if*e T T2 TS Fi(Bry, Bik, Bk1) new |
(I,J,K)
. pabe qpa b Aoc —O0JjkVJ * Pk 3
s Z Z 1 f T T3 T (5}J;1n > + O(«;) -
Ih) —O01k VI * Pk
s =

Generalizes structure found for massless case

Novel three-parton terms appear at two-loop

Order Mitov, Sterman, Sung: 0903.3241; Becher, MIN: 0904.1021



Calculation of three-parton terms
Ferrogha, MN, Pecjak, Yang: 0907.4791, 0908.3676

Relevant two-loop diagrams:

A AN A

Surprlslngly Simple answer: antl-symmetric 1n

heavy-parton indices
1 /
F (ﬂ127 523, 531) — § Z CIIK E@/ycusp(ﬁlfby

I,J K
—093 Vg * P g —093 Vg * P
f2 (ﬂl%ln e 3) ——— 9(512) chsp(as) In i 2
SO SO PE 47 S O b e O
with: =2

-
6

9(8) = coth 5 [52 + 26 In(1 — e ?7) — Liy(e ") + 2] e 7T_2 ‘i
e —— !




Ahrens, Becher, MIN, Yang: 0808.5008, 0809.4283



Large higher-order corrections

o (pb)

fixed order
MRST'04 PDFs
LHC (Vs=14 TeV)

NNLO

100 120 140 160 180 200

mg (GGV)

Corrections are large:

70% at NLO + 30% at NNLO
[130% and 80% it PDFs and
os are held fixed]

Only Cg contains leading
singular terms, which give

90% of NLO and 94% of
NNLO correction

Contributions of Cqsand Cqyq
are small: -1% and -8% of the
NLQO correction

Harlander, Kilgore 2002; Anastasiou, Melnikov 2002
Ravindran, Smith, van Neerven 2003



Effective theory analysis

Separate contributions associated with different

scales, turning a multi-scale problems into a series
of single-scale problems

Evaluate each contribution at i1ts natural scale,
leading to improved perturbative behavior

Use renormalization group to evolve contributions
to an arbitrary factorization scale, thereby
exponentiating (resumming) large corrections

When this 1s done consistently, large K-factors
should never arise, since no large perturbative
corrections should be left unexponentiated!



Scale hierarchy

Will analyze the Higgs cross section assuming

the scale hierarchy (z = M7 /3)
2my > mpy ~ V3> V(1 — 2) > Aqep

Treating one scale at a time leads to a sequence
of effective theories:

V] [t Hh Hs
SM | Jty | SM_ | Jy | SCET |y | SCET
f = ng — he, he, s c,C

Ci(my, u3) Pl =

Efftects associated with each scale absorbed
into matching coefficients



Scale hierarchy

Evaluate each part at its characteristic scale

and evolve to a common scale using RGEs:

2
Ty -

e
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2009-12-14, 04:30 CET, Run 142308, Event 482137
EX P E R I M E N T http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events. htmil

,\\E ATL AS Jet Event at 2.36 TeV Collision Energy

Ahrens, Ferroglia, MN, Pecjak, Yang: 0912.3375 & in preparation



State of the art

Fixed-order NLO calculations:

: . Nason, Dawson, Ellis 1988
total crossisection: 5T o

Nason, Dawson, Ellis 1989

dlffer entlaL Mangano, Nason, Ridolfi 1992
Frixione, Mangano, Nason, Ridolfi 1995
Arpt: R, Redrros1098

Fixed-order NNLO calculations:

none exist!

“leading terms” (enhanced near threshold)

Beneke, Falgari, Schwinn 2009

for total cross section: e

“leading terms” for distributions, Arp! this work!



State of the art

Threshold resummation at NL.1.:

Bonciani, Catani, Mangano, Nason 1998

tOtal CrosSs SeCtiOn: Berger, Contopanagos 1995
Kidonakis, Laenen, Moch, Vogt 2001

distributions: Kidonakis, Vogt 2003; Banfi, Laenen 2005

AFBt: Almeida, Sterman, Vogelsang 2008

Resummation at NNLL+NLO matching:

> - Beneke, Falgari, Schwinn 2009
tOtal Cross section: Czakon, Mitov, Sterman 2009

distributions: E ol



Top-pair production: IR poles

Ferrogha, MN, Pecjak, Yang: 0908.3676
Anomalous-dimension matrices in s-channel
singlet-octet basis for ¢g, gg — tt channels:

~c
qu = [CF f)/cusp(O‘s) In F Sl OF ’ycusp(ﬂ?%la O‘s) s 27(](@8) i 2/762(043>] 1

=F g {/chsp(@s) In (_fii;))(;;%) = VCuSp(534; O‘S)] (8 ?)
(—813)< 824) 0 O g 0 % 3
+ Yeusp(@s) In E— !(1 _%> s 4—9(534) (—N - ) + O(ay)

)
Fgg ~ [N fchSp(aS) In F s CF 7(:118p(6347 QS) s 279(048) s 2/7 ] 1

0
0
1

@Df Sy oxis i am,
O ¥

=S =mn=c e by (

Ycusp (as) In
) SeED)

e = 0 Zo\]

—S —S 9 g

2o S| [ X AP +-9(Bsa) [ =N 0 0 EC
R (=0Ss

N
N
4

(53)



Top-pair production: IR poles

Can use these results to predict all IR poles in

virtual 2-loop amplitudes in analytic form, e.g.

for gg channel (were not known before):

2Re MY |MP) = (N? —1) (N?’Ag + NBI+ %Cg + = D¢

6_2

6_1

1
BY
o
DL
Ey
Ey
Flg
F
G
Gl

Hij,
Hy,
I
I,
Iy

e 4 s
10.749 18.694
—21.286 | —55.990
—6.1991
—12.541
24.834

—156.82
—235.04
—68.703
94.087
18.207
0.012908
—26.609
0.0
3.0995

2.3888

—4.7302

262.15
1459.8
=7l
—130.96
eI
11.793
—50.754
—23.329
67.043
0.0
—5.4520
—0.0043025

10.810
0.0

1
N3

Ty
N2

np
N2

2
ny
e N[;f)

+N2nlElg+N2nhE2—|—mFlg+nth+ Glg—i— G%

2
+ Nnj H + Nnyny, Hj, + Nnj Hf + %l 19+ _”ﬁh

Basis for NNLL threshold

resummation for tt production

(d(jtt/ tht aS Well aS Gtt> at
LLHC/Tevatron



Leading threshold terms at NNLO

Knowledge of IR singularities allows one to
deduce the leading terms near the partonic
threshold for the pp—tt invariant mass

dlStrlbUthn o O ((154): Ahrens, Ferroglha, MN, Pecjak, Yang: 0912.3375

100 ¢ TO0A0 e e e e :
s Js=10TeV |
= i S 13 s\ (partial)
) et ) L
&, : < [
e [ e 10 |
e = ; NLO
= =
s teriaiod 0 1o 4 pise I
= N\ S 0.1 F
0.001 0.01 |
lo-04 bt : 0.001 !
400 600 800 1000 1200 500 1000 1500 2000 2500 3000
M (GeV) M (GeV)

Widths of bands from M/2 < p < 2M



Leading threshold terms at NNLO

Knowledge of IR singularities allows one to
deduce the leading terms near the partonic
threshold for the pp—tt invariant mass

dlStrlbuthn o O ((154): Ahrens, Ferroglha, MN, Pecjak, Yang: 0912.3375

e e S R S St S et e
- =10 TeV NNLO

3 [ (partial)
NLO

400 600 800 1000 1200 500 1000 1500 2000 2500 3000
M (GeV) M (GeV)

Widths of bands M/2 < p < 2M



Threshold resummation at NINLL

Ahrens, Ferroglia, MN, Pecjak, Yang: in prep.

Resum, lower LHC energy, change colors...



Threshold resummation at NINLIL

Ahrens, Ferroglia, MN, Pecjak, Yang: in prep.

Resum, lower LHC energy, change colors...

25
= V5 = 1.96 TeV
| MSTW2008NNLO PDFs
1.5 ]
F
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Threshold resummation at NINLIL

Ahrens, Ferroglia, MN, Pecjak, Yang: in prep.

Resum, lower LHC energy, change colors...

)

20

e 15

10| DI

Vs = 1.96 TeV
MSTW2008NNLO PDFs
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e
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Threshold resummation at NINLIL

Ahrens, Ferroglia, MN, Pecjak, Yang: in prep.

Resum, lower LHC energy, change colors...

50—

Vs = 1.96 TeV V5 = 1.96 TeV

40"
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Threshold resummation at NINLIL

Ahrens, Ferroglia, MN, Pecjak, Yang: in prep.

Resum, lower LHC energy, change colors...

Vs =1.96 TeV Vs = 1.96 TeV

NNLO
(partial)

NLO

350 400 450 500

M (GeV)



Forward-backward asymmetry

At Tevatron, top-quark are emitted preferably
in direction of incoming quark

t i
q ‘/q : ‘/q
/t /t

Preferred Suppressed

Define inclusive asymmetry:

dMd cos 0 dMd cos 6

e sz (fo d cos QLo 2T f dcos 0L NlNQ_)ttX) ‘
2 N1N2—>ttX 2 N1N2—>ttX
f4 2 dM (fO dCOSQd dMd cos 0 f dCOSHd ) i

A

t
FB

dMd cos 6

—

Surprising result by CDF:

AFB! lexp = (19.3+£6.9)%
B} e

B




Forward-backward asymmetry

Non-zero contributions arise first at one-loop
order, from interference terms such as:

Predictions:
Al Z(:O =l (M/2 < < 2M)
fixed-order { = Kiihn, Rodrigo 1998
A == i 62557 %  (my/2 < p < 2my)
e 43.2
A s s Almeida, Sterman, Vogelsang 2008
NLL
resummed { -
A';B — 5.8J_r8:§ % this work!
NNLL




Total cross section

Computed at NLO already in 1988

Usually, resummation 1s done around partonic

threshold at §=4m*
Combined Coulomb and

soft gluon resummation

for ﬁtt%() 2

In our approach, soft

Vs =1.96 TeV

@ t

0 s s s ‘

350 400 450 500
M (GeV)

gluon effects are resummed also far above

threshold (more important

Ditferent systematics!

at higher M)



Total cross section

Main eftfect of resummation 1s to stabilize scale

dependence

Pt expansion misses important contributions

Cross section (pb) Tevatron | LHC (7 TeV) | LHC (10 TeV) | LHC (14 TeV)
L0 5.201156 0% | 10213573 oo Bhoe e
ONLL 5.05%055 050 | 98T4T: AP 521495119
ONLO4presn e e P e = 360+10+14 791 +15+27
7HILO 6.49%0:70 031 | 150%35%5 379+ HIT 841+97+31
ONNLL+NLO (6.48+017+032 146178 ) 36820 +19 813+59+30
ONNLO, approx (scheme A) 6721—83?1—832 1621_%21_8 4111_%21_% 9]_11'%11'23
ONNLO,soprox (schome B) | 65510324038 | 14g+iots | gypemels | gagrssem
ONNLO, 3—exp. 7.2410- 351000 1587178 3967:?:% g71+16+31
ONNLO, f—cxptpotential | 7-13794770:56 | 16243+ 4OTHIHIT 85 +30+31

4

scale uncertainty

PDF uncertainty




Conclusions

Eftective field theory provides etficient tools for
addressing important, ditficult collider-physics problems

Systematic “derivation” of factorization theorems (known
ones and ones to be discovered) and simple, transparent
resummation techniques based on anomalous dimensions

Nontrivial applications exist for Drell-Yan, Higgs
production, and top-quark pair production

Long-term goal 1s an automatized j o 5 e R B
- y

implementation of resummation at

NNLIL/NLO order for jet processes
such as pp—n jets+V/H at LHC

(with n<3, V=v,Z,W)

jet rates




